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Abstract
In order to improve the CFD models and to understand the design of bubble columns the
temporal and spatial gas hold-up distributions are needed. The present work reports the axial, radial
and temporal gas hold-up profiles in a 0.3 m diameter batch bubble column using a pair of Wire
Mesh Sensors and six pressure transducers. Each wire mesh sensor has a 64×64 wire configuration
and wire mesh sensors were placed which are separated by a distance along the axis of the bubble
column. The wire mesh sensor and pressure transducers were strategically placed along the column
axis to capture the gas-liquid two phase flows near the sparger and fully developed flow region.
The wire mesh sensor data and PTs data was recorded at a high frequency of 1000 Hz to capture
both time averaged and transient holdup profiles. The wire mesh sensor working principle and
algorithms for gas hold-up analysis have been presented and discussed. The gas hold-up data
obtained from pressure transducers and wire mesh sensors are compared. The uncertainty and
reliability of the measurement techniques was verified by repeating the experiments three times.
Experiments were performed for wide range of gas velocities to cover both the homogenous and
heterogenous flow regimes. The point gas sparger was used for sparging the gas at all the
experiments. Different types of electrolytes (KCl, Na2CO3, CaCl2 & Na2SO4) dissolved in water
with different salt concentration have been used as liquid phase and air is used as gas phase. The
effect of superficial gas velocity and electrolyte concentration on the axial and radial gas hold-up
profiles were presented. The experimental investigations reveal the steady state and transient gas
hold-up profiles for different gas velocities and for different liquid phase properties which are not
reported in the open literature. Further, this data can be very useful for developing and validating
the CFD models.
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1. Introduction
Most processes in the chemical process industry involve the gas-liquid flows. According
to Tatterson3, twenty five percent of all chemical reactions occur between a gas and liquid. A
major class of gas-liquid flow is the one where the liquid phase is continuous and the gas phase is
dispersed in the form of bubbles. Bubble columns thus form an important class of multiphase
reactors, which are widely used in the chemical, petrochemical, pharmaceutical and metallurgical
industries. Typical reactions carried out in bubble column are oxidation, hydrogenation,
hydrohalogenation, ammonolysis, hydroformylation, Fischer-Tropsch reaction, ozonolysis,
carbonylation, carboxylation, alkylation, fermentation, waste water treatment, hydro-metallurgical
operation, steel ladle stirring, column floatation, etc4,5. Some of the examples of industrial
applications of bubble column reactors are listed in Table 1.14,6.
Table 1.1: Industrial applications of the bubble columns.
Process

Reactants

Main Products

Alkylation

Ethanol,
propylene, Ethyl benzene,
benzene, toluene
benzene

cumene,

iso-butyl

Chlorinations

Alilphatic
hydrocarbons, Chloroparaffins, chlorinated aromatics
aromatic hydrocarbons

Coal
liquification

Coal

Liquid fuels

Desulferization

Petroleum fractions

Desulferized fractions

Hydrogormylati
on

Olefines

Aldehydes, alcohols

Hydrogenation

Benzene,
adipic
acid Cyclohexane, hexamethylene diamine,
dinitrile,
nitroaromatics, amines, sorbitol, hydroxyl amines
glucose, ammonium nitrate,
unsaturated fatty acids
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Extensive applicability of bubble column is mainly because of a general recognition of the
advantages in comparison to other multiphase reactors (stirred tanks, packed column, trickle bed
reactors, etc.). The advantages of bubble columns are as follows: (1) Simple construction and
thereby low capital investment (2) Ease of operation (3) No mechanically moving parts and
thereby no sealing problems (4) Take relatively less space (5) Excellent heat and mass transfer
characteristics (6) Low maintenance cost (7) High thermal stability (8) High liquid phase volume
fraction for the reaction to take place. However, the bubble column suffers from few limitations
such as complete backmixing of liquid as well as gas phase, high pressure-drop for the gas phase,
weeping at low superficial gas velocity and narrow width of homogeneous flow regime. These
limitations can be overcome by suitable modifying the design of the conventional bubble column.
Over the last five decades, many researchers have used advanced measuring and modeling
tools to unveil the characteristics of the complex flow dynamics in bubble columns. They have
investigated the effects of operating conditions (gas and liquid flow rates, catalyst renewal rates,
temperature, pressure, and feed composition), design parameters (column diameter, sparger
design, catalyst size, and loading), and physical properties on global gas holdup, holdup radial
profile, bubble dynamics, liquid recirculation profiles and intensities, liquid turbulent eddy mixing,
and gas and liquid dispersion7. In spite of a significant improvement in understanding the flow
dynamics in churn turbulent flows, there is general agreement that the journey to a full
understanding of bubble column performance is still only beginning. Over the last four decades,
several measurement techniques, both invasive and non-invasive, to measure the gas hold-up in
gas-liquid flows have become available. For instance, Gamma Densitometry, Pressure
Transducers, Electrical Resistance Tomography and Electrical Capacitance Tomography (ECT)
are non-invasive measurement techniques. Whereas, the optical probes and wire mesh sensors are
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invasive measurement techniques. Though the wire mesh sensors are intrusive they are capable of
acquiring the gas hold-up data at high frequency. The high frequency data can give both transient
and steady gas hold-up data measured over a plane and can be used for both batch and continuous
gas-liquid flows.
Many researchers have reported the experimental investigations with more focus on the
steady state measurements in fully developed two phase flow. There is smaller amount of
information is available on the context of “development of flow”, in other words, the transient
behavior of two-phase flow as the gas injection. Therefore, the present paper makes an attempt to
understand the fundamentals of hydrodynamics by measuring the temporally and spatially (both
axial and radial) resolved gas hold-up profiles in 30 cm diameter bubble column. Further, the effect
of salts and concentration of salt on the liquid phase hydrodynamics have been investigated over
a wide range of gas velocities. The high data acquisition rate and spatial resolution gives the
information of the flow in greater detail. Further, the data analysis such as radial gas hold-up, cross
sectional gas hold-up distribution is presented and discussed.
2. Experimental Test Facility
The schematic of the experimental set-up (cylindrical bubble column) with the location of
the wire mesh sensor and pressure transducers installed are given in Figure 1A. The column made
of acrylic and having an internal diameter of 0.3 m and of 2 m in height. Necessary care has been
taken to maintain the minimum liquid conductivity needed for using wire mesh sensors.
Compressed air was used as gas phase for all experiments and gas sparged though a pipe (referred
as point sparger) with internal dimeter of 2.5 cm. The compressed air was passed through a series
of filters, to remove the dust and oil particles and the gas flow rate was measured using two
calibrated rotameters. The water with different salts dissolved in it used as liquid phase. The initial
7

liquid height was varied by three initial levels for some experiments (First Level: 100 cm, Second
Level: 142 cm and Third Level: 183) to investigate the effect of liquid height on the gas hold-up
profiles.
Experiments were carried out for various two-phase systems such as, (1) Air-deionized
(DI) water, (2) Air-tap water, (3) Air – Aqueous solution of Na2CO3 (4) Air- Aqueous solution of
KCl- (5) Air- Aqueous solution of CaCl2 – (6) Aqueous solution of Na2SO4. A pair of wire mesh
sensors (Figure 1B) were placed at four different axial locations to capture the axial variation of
the gas hold up distribution along the column height (location of wire mesh sensors for different
configurations can be found in Figure 2). Six pressure transducers (Omega: PX-309) were placed
strategically to measure the volume averaged gas fraction along the height of the reactor. The air
volumetric flow rate is varied between from 5 CFM to 35 CFM which corresponds to the range of
air superficial velocity from 0.037 m/s to 0.258 m/s. Further the overall volume averaged gas holdup was calculated by measuring the initial and expanded liquid heights for each gas velocity. Each
experiment was repeated three times to check the reproducibility and reliability of measurement
techniques.
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Figure 1(A) Schematic of the experimental set-up, (B) Photograph of the wire mesh sensor.
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Figure 2A: Front view depicting the initial water levels and the location of wire mesh
sensor for the Configuration: 1 (dimensions are in cm)
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Figure 2B: Front view depicting the initial water levels and the location of wire mesh
sensor for the Configuration: 2 (dimensions are in cm)

11

Figure 2C: Front view depicting the initial water levels and the location of wire mesh
sensors for the Configuration: 3 (dimensions are in cm)
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Figure 2D: Front view depicting the initial water levels and the location of wire mesh sensors
for the Configuration: 4 (dimensions are in cm)
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3. Experimental Methods and Data analysis
3.1. Expanded height method
The overall volume averaged gas hold-up has been measured by the expanded height
method. Prior to the actual experiment, air trapped in the gas injection line is removed. The overall
gas hold-up was calculated by measuring the initial liquid height (HS) and expanded liquid height
(HD). A measuring scale is attached to the column to avoid the errors associated in measuring the
fluctuating (expanded) bed height. The overall gas hold-up ( G ) was estimated using the following
relation (Kalaga et al. 2017).

G =

H D -HS
HD

(1)

3.2. Pressure Drop Method
The volume averaged, averaged over certain height of the column, gas hold-up data was
obtained using pressure drop method using two pairs of pressure transducers which placed close
to each WMS plane (Figure 1). The pressure drop method is based on the underlying principle for
the volume average gas hold-up, or gas hold up, can be derived from Bernoulli equation in a steady
fluid along a pipeline:
1
2

ρv 2 + ρgh + P = constant

(2)

1

where 2 ρv 2 is kinetic energy, ρgh is potential energy and P is pressure. Considering the two points
where the pressure transducers are located, Eq. (2) can be expressed as:
1

1

ρ v 2 + ρgh1 + P1 = 2 ρm v 2 2 + ρgh2 + P2
2 m 1

(3)

where ρm is gas–liquid mixture density, defined as:
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ρm = (1 −∈G )ρL +∈G ρG

(4)

Since the pipe has a uniform cross-sectional area, it is assumed force due to velocity of fluid is
constant, v1 = v2 = v. Also, the location of the pressure transducer 1 (H/D = 1.4) is considered as
a reference point (h1 = 0) and the height of pressure transducer 2 is considered to be h2 = h.
Substituting Eq. (4) into Eq. (3) and simplifying;
∆P = [(1 −∈L )ρL +∈G ρG ]gh

(5)

The gas hold-up can be obtained from Eq. (5) gives (Hernandez et al. 2017)
ρL −

∈L = ρ

∆P
gh

L −ρG

(6)

Next, the volumetric average gas hold-up calculated from the pressure transducers has the
offset and to account the pressure transducer’s offset the following equation is used to calculate
the gas hold-up (Mutharasu et al. (2018))
𝜖̅𝐺,12 =

(𝑃2 −𝑃1 )𝑇𝑃 −(𝑃2 −𝑃1 )𝐿
(𝑃2 −𝑃1 )𝐿 −(𝑃2 −𝑃1 )𝐺

(7)

The volume averaged gas hold-up between two pressure transducers P1 and P2, Where,
(𝑃2 − 𝑃1 )𝐺 - pressure drop recorded for gas.
(𝑃2 − 𝑃1 )𝐿 - pressure drop recorded for liquid.
(𝑃2 − 𝑃1 ) 𝑇𝑃 - pressure drop recorded for two-phase gas-liquid dispersion.
3.3. Wire Mesh Sensor
Wire mesh sensors found in the literature can be classified into two types; capacitance wire
mesh sensor (Silva, 2008) which is based on the permittivity of the fluids and conductance wire
mesh sensor (Prasser et al., 1998) which is based on the conductivity of the fluid. The working
15

principle of the capacitance WMS is to calculate the local instantaneous gas hold-up data from the
measured local values of the fluid conductivity. A pair of capacitance based wire mesh sensors
with a maximum temporal resolution of 10 KHz and spatial resolution of 4 mm ×4 mm have been
used to quantify the flow parameters. Wire mesh sensor is characterized by a matrix-like
arrangement of crossing points formed by two parallel planes positioned orthogonally and
separated by a vertical distance of 3.15 mm. Each sensor has two planes has 64 stainless steel
electrode wires (diameter=0.4 mm) uniformly distributed over the circular cross section for
measuring the conductivity of the flowing mixture around each one of 64 nodes. One wire plane
of the sensor is used as transmitter and other wire plane is used as receiver (Figure 1). The each
transmitter wire is activated sequentially by the voltage pulses supplied by the electronics, while
all other transmitter wires are kept to ground potential, the current received by the receiver wires
at each crossing-point node is then recorded by the data acquisition system. The voltage recorded
by node is high when surrounded by the water and voltage is low when surrounded by air. Further
details of the WMSs operation and principle can be found in Prasser et al. (1998). For the
experiments, a pair of WMSs placed at different elevations from the bottom of the reactor. The
sensor was sandwiched between PVC flanges which allow the fixation of sensor into reactor. Wire
mesh sensor data was recorded for the duration of 240 secs at a frequency of 1000Hz for steady
state measurements and transient measurements.
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Figure 3A: Wire Mesh Sensor (wms) configuration and electronics used in the present study
3.3.1. Gas hold-up analysis for wire mesh sensor data.
In order to calculate the gas hold-up distribution, the voltage data obtained from the WMS
needs voltage values of each node generated from calibration method. Two different methods of
the calibration namely, histogram calibration method and water calibration method are possible.
Histogram calibration method requires the histogram of the frequency of occurrences of voltage
signal for both the phases at each node of the sensor. This histogram data usually has two maxima
one at low voltage for the gas phase and other at high voltage for the liquid phase. This method
does not require separate calibration data as the same measurement data can be used to extract the
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calibration values. This method of calibration cannot be used for two phase flow in horizontal
channels and the churn turbulent flows wherein very few sensor nodes are available for pure water.
For water calibration method, the sensor nodes should be completely covered by the water. This
method of calibration offers advantage that this data can be applied for all gas velocities but the
operating fluid’s temperature and conductivity needs to be same. In the present work, water
calibration method is used and the calibration data is obtained by filling the column with water.
The instantaneous local gas hold-up at each node is obtained by the following equation:
∈𝑖,𝑗 =

𝑆_𝑊𝑖,𝑗 −𝑆_𝑇𝑃𝑖,𝑗

(1)

𝑆_𝑊𝑖,𝑗

The time averaged gas hold-up distribution is computed using the following equation:
𝑚𝑎𝑥
̅𝑖,𝑗 = 1 ∑𝑘𝑘=1
∈
∈𝑖,𝑗,𝑘
𝑘
𝑚𝑎𝑥

(2)

The variation of the area averaged gas hold-up over the measurement time period (transient gas
hold-up ∈ (𝑡) profile) is obtained using equation (2). The area averaging is based on the weight
coefficient, which is defines the contribution of the each crossing node in the sensor matrix to the
column diameter. For example, if the mesh node is inside the vessel ai,j×Asensor=∆X×∆Y (A in
Figure 3) and If the mesh node near the column wall ai,j×Asensor<∆X×∆Y (B in Figure 3).
̅𝑘 =∈ (𝑡) = ∑𝑖 ∑𝑗 𝑎𝑖,𝑗 . ∈𝑖,𝑗,𝑘
∈

(3)

The time averaged and area averaged gas hold-up can be obtained by combining the equations 2
and 3. which is given by Eq. 4.
𝑚𝑎𝑥 ̅
̅= ∑𝑖 ∑𝑗 𝑎𝑖,𝑗 . ∈𝑖,𝑗, = 1 ∑𝑘𝑘=1
∈
∈𝑘
𝑘
𝑚𝑎𝑥

(4)
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For the radial gas hold-up profiles, the sensor geometry is divided into hypothetical ring-shaped
domains (m=80 in the present study). Eq. 5 is used to calculate the azimuthally averaged gas holdup data for a given measurement period.
̅𝑚 = 1 ∑𝑖 ∑𝑗 ∑𝑘 𝑎𝑖,𝑗,𝑚 . ∈𝑖,𝑗,𝑘
∈
𝑘
𝑚𝑎𝑥

(5)

𝑎𝑖,𝑗,𝑚 denotes the weight coefficients contribution to each measurement point with indexes i, j for
ring number “m” (Figure 3).

Figure 3B: Data analysis of the wire mesh data for average radial profiles.
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4. Results and discussion
4.1 Overall volume averaged hold-up
The overall gas hold-up was calculated using two different methods, the expanded liquid
height method and pressure drop method (Figure 4). The expended liquid heights and initial liquid
heights were measured for each gas velocity. The measured values were substituted in the equation
1 to calculate the volume averaged gas hold-up. The Figure 4A reports the change in gas hold-up
with the gas velocities and for different fluid properties. The hold-up profiles show that the gas
hold up increases with increase in gas velocities but fluid properties does not seem to have much
effect on the gas hold-up. Figure 4B reports the change in gas hold-up with increase in gas velocity
for different electrolyte solutions, calculated from the pressure-drop method. The gas hold-up
value increases with increase in the gas velocity for all the fluid properties which covers the both
homogenous flow regime and heterogenous flow regimes. From both the measurements it is clear
that the two-phase flow is changing from homogenous to heterogenous flow regime at a superficial
gas velocity of 0.15 m/s. It is very important to clarify that the 2-D void fraction distribution data
from the WMS was averaged over 80 rings of different radii, r and r + dr.
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Figure 4A: Overall gas holdup for the third water level measured from expanded liquid heights
data
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Figure 4B: Overall gas holdup measured from PTs data, for the intial third water level.

4.2 Initial liquid height
Figure 5A reports the effect of the superficial gas velocity on the gas hold-up for different
initial liquid velocities and different fluid properties. The initial liquid height was maintained for
1.1 m (referred as first water level), 1.5 m (referred as second water level) and 1.9 m (referred as
third water level) from the bottom of the bubble column reactor. The gas hold-up was calculated
using the expanded liquid height method (Eq. 1). Figure 5A shows the change in gas hold-up with
superficial gas velocity for the first water level. The maximum gas hold-up was recorded for this
22

water level is 0.23 for the superficial gas velocity of 0.26 m/s. The transition from the homogenous
flow regime to heterogenous flow regime occurs at 0.12 m/s.

Figure 5A: Overall gas holdup for the fisrt water level measured from expanded liquid heights
data
Figure 5B shows the change in gas hold-up with superficial gas velocity for the second
water level. The maximum gas hold-up was recorded for this water level is 0.32 for the superficial
gas velocity of 0.26 m/s. The transition from the homogenous flow regime to heterogenous flow
regime occurs at 0.12 m/s which is same as for first water level.
23

Figure 5B: Overall gas holdup for the second water level measured from expanded liquid
heights data
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Figure 5C: Overall gas holdup for the third water level measured from expanded liquid heights
data
Figure 5C shows the change in gas hold-up with superficial gas velocity for the third water
level. The maximum gas hold-up was recorded for this water level is 0.42 for the superficial gas
velocity of 0.26 m/s. The transition from the homogenous flow regime to heterogenous flow
regime occurs at 0.16 m/s which is slightly higher as compared to the first and second water level.
As the initial water level increases the gas injected into the reactor experiences very high resistance
before exiting the reactor results in higher gas phase residence time and hence the higher hold-up.
25

4.3 Superficial Gas velocity
4.3.1 Near the gas sparger
In order to get the gas hold-up profiles near the sparger the wire mesh sensor was placed
very close to the gas sparger (30 cm from the sparger, please refer the figure 2A). To better
understand these profiles the two different profiles, one the radial profiles (by averaging over
azimuthal direction) and other are the surface plots, are presented. Figure 6 shows the gas hold-up
profiles and surface plots for the different fluid properties at a constant gas velocity of 0.037 m/s.
Figure 7 shows the gas hold-up profiles and surface plots for the different fluid properties at a
constant gas velocity of 0.15 m/s. Similarly, Figure 8 shows the gas hold-up profiles and surface
plots for the different fluid properties at a constant gas velocity of 0.26 m/s. It is clear from the
figure that the hold-up profiles exhibit a cone shaped hold-up profile near the sparger for all the
gas velocities, which can be attributed to the point sparger. The maximum value of the gas fraction
increases with increase in the gas velocity and also the steepness of the gas hold-up profile also
increases with increase in the gas velocity. Further the steepness is confined to the central region
of the column. From these profiles the gas hold-up values are consistently higher for the Air- DIwater system but there is no difference in hold up profiles between the other electrolyte solutions.
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(A)

(B)

Figure 6: (A) Gas fraction profiles for different fluid properties near the sparger and (B) Surface
plots of gas for 5CFM
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(A)

(B)

Figure 7: (A) Gas fraction profiles for different fluid properties near the sparger and (B) Surface
plots of gas for 20CFM
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(A)

(B)

Figure 8: (A) Gas fraction profiles for different fluid properties near the sparger and (B) Surface
plots of gas for 35CFM
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4.3.2 In the fully developed region
In order to achieve the gas hold-up profiles in the fully developed flow region the wire
mesh sensor was placed far away from the gas sparger (113 cm from the sparger, please refer the
figure 2C). Similar to the profiles reported in the previous section, the two different profiles, one
the radial profiles (by averaging over azimuthal direction) and other are the surface plots, are
presented to understand hold-up profiles in fully developed flow. Hold-up profiles in the fully
developed flow does not affected by the entrance and exit effects of the gas phase. Figure 9 shows
the gas hold-up profiles and surface plots for air-tap water system for all the superficial gas
velocities, for covering both flow regimes. Figure 10 shows the gas hold-up profiles and surface
plots for the air-DI water system for all superficial gas velocities. Similarly, Figure 11 shows the
gas hold-up profiles and surface plots for Air-KCl aqueous solution system for different superficial
gas velocities. Unlike to the profiles near the gas sparger, it is clear from the figure that the holdup profiles exhibit a parabolic shaped hold-up profile in the fully developed flow region. The
maximum value of the gas fraction is observed at the center of the column and it increases with
increase in the gas velocity. Further the steepness of the gas hold-up profile also increases with
increase in the gas velocity. Among the fluids compared in these figures, the Air-DI-water system
is consistently high when compared to the maximum values in other two systems. The steepness
of the gas hold-up profiles is not confined to the central region of the column, but it is gradually
decreasing from center to 130 mm away from the center of the column and suddenly reaches to a
lowest value near the column wall.
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(A)

(B)

Figure 9: (A) Gas fraction profiles (B) Surface plots for all gas velocities for tap water in the
fully developed region.
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(A)

(B)

Figure 10: (A) Gas fraction profiles (B) Surface plots for all gas velocities for DI-water in the
fully developed region.
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(A)

(B)

Figure 11: (A) Gas fraction profiles (B) Surface plots for all gas velocities for 20 ppm KClwater in the fully developed region.
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4.4 Electrolyte Concentration.
To study the effect of electrolytes, a range of different CaCl2 concentration in Particles Per
Million “PPM” has been selected with the objective to see if the gas hold-up is affected by the salt
quantity. In the following figure, Figure 12A, the results on concentrations are shown.

Figure 12A: Electrolytes Concentration for CaCl2 at the Wire Mesh middle location and third
water level, the range includes 20, 100, 200 & 300 PPM @ 0.037 m/s and 0.147 m/s.
Figure 12A presents the diverse PPM concentration of CaCl2 at the third water level and
the wire mesh middle location. For this set of experiments, two different velocities were used to
compare the behavior of the gas hold-up, 0.037 m/s and 0.147 m/s respectively. For the first range
34

of velocity, 0.037 m/s, the maximum gas hold-up was recorded by the lowest electrolyte
concentration of CaCl2 20 PPM at a gas hold-up of nearly 20%, followed by CaCl2 200 PPM,
which initially is higher than the 100 PPM concentration but as it moved off the center axis of the
bubble column, its value was lower at approximately 5 mm from the center axis. Moreover, the
highest concentration, 300 PPM, has the lowest gas hold-up at 14%. Similarly, for the 0.147 m/s
velocity, comparably we a similar trend as the largest gas hold-up concentration is hold by the 20
PPM concentration (at 46%) and share briefly with the 200 PPM until this last one decreases at 5
mm away from the center axis. In the same order, CaCl2 100 PPM has a 43% gas hold-up. Finally,
the lowest gas hold-up belongs to the highest electrolyte concentration of CaCl2 300 PPM at 39%.

4.5 Gas hold-up along the column height
To analyze the gas hold-up distribution of the different solutions along the vertical
direction, the wire mesh has been distributed at different heights to obtain a total of four
configurations, starting near the point sparger up until the highest location that the wire mesh can
ne install on the column. In the below section, a CaCl2 20 PPM concentration was used to acquire
the date from the different wire mesh arrangements throughout the column height.

35

(A)

(B)
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Figure 13: (A) Gas Hold-up along the column height of CaCl2 (20 PPM) for the third water level
@ different wire mesh locations: wmsbt1, wmsbt2, wmsmid & wmstop (B) Surface plots for all
wire mesh locations for 20 ppm CaCl2-water @ 0.037 m/s in the fully developed region.
Figure 13: (A) displays the variation in gas hold-up according to the wire mesh placement
along the column height at a velocity of 0.037 m/s for CaCl2 20 PPM and 3rd water level. The
maximum gas hold-up was recorded for this velocity at the lowest wire mesh location (near the
sparger “wmsbt1”), interestingly the gas hold-up was nearly 40% at the center axis but experiences
a drastic drop until it reaches a 0% gas hold-up at 80 mm away from the center of the column. For
the second lowest arrangement (wmsbt2), a more evenly distributed gas hold-up can be noticed,
although is has a lower gas hold-up value of 12%. As the wire mesh is placed at upper locations,
second highest (wmsmid) and highest (wmstop), the gas hold-up percentages are 19 and 22,
respectively.

37

(A)

(B)
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Figure 14: (A): Gas Hold-up along the column height of CaCl2 (20 PPM) for the third water level
@ different wire mesh locations: wmsbt1, wmsbt2, wmsmid & wmstop (B) Surface plots for all
wire mesh locations for 20 ppm CaCl2-water @ 0.147 m/s in the fully developed region.
Figure 14: (A) exhibits the variation in gas hold-up according to the wire mesh placement
along the column height at a velocity of 0.147 m/s for CaCl2 20 PPM and 3rd water level. The
maximum gas hold-up was recorded for this velocity, as shown in Figure 13: (A), a similar trend
is observed, at the lowest wire mesh location (wmsbt1), the gas hold-up reached 80% at the center
axis but descents until it almost reaches 0% gas hold-up at 80 mm away from the center of the
column and shows a stready profile until the solution gets near the column’s wall. For the
remaining wire mesh arrangements, an estimated 5% gas hold-up separates them near at the central
axis (asocillating within a range of 45% - 49.5% gas hold-up). Moving a away from the center of
the column, a smoother decreasing curve shows the profile of gas hold-up as it approximates the
wall of the column.
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Figure 15: (A): Gas Hold-up along the column height of CaCl2 (20 PPM) for the third water level
@ different wire mesh locations: wmsbt1, wmsbt2, wmsmid & wmstop (B) Surface plots for all
wire mesh locations for 20 ppm CaCl2-water @ 0.258 m/s in the fully developed region.
Figure 15: (A) shows the variation in gas hold-up according to the wire mesh placement
along the column height at the highest velocity range of 0.258 m/s for CaCl2 20 PPM and 3rd water
level. The maximum gas hold-up was recorded for this velocity, as shown in Figure 13: (A) and
Figure 14:(A), there is a noticeable pattern, at the lowest wire mesh location (wmsbt1), the gas
hold-up reached 86% at the center axis but decreases until it approximates to 4% gas hold-up at
80 mm away from the center of the column and shows a stready profile until the solution gets near
the column’s wall. For the second lowest wire mesh configuration and remaining wire mesh
arrangements (second highest “wmsmid” and highest “wmstop”), an estimated 4% gas hold-up
separates them near at the central axis. For the wmsbt2, the gas hold-up percentage is 49,
meanwhile the upper arrangements are nearly identical with a gas hold-up value of 52%. Likewise,
as seen recorded on Figure 14:(A), moving a away from the center of the column, a smoother
decreasing curve shows the profile of gas hold-up as it approximates the wall of the column.
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5. Additional Chapter: PIRE Project (Drilling Fluid) & DOE Project {VHTR)
The PIRE Project consisting of the study of a “Drilling Fluid”, initial experiments were
executed with X-ray images to analyze the settling of the fluid in container at steady state. Multiple
cells with different dimensions (overall width and height of the containers) as well as heights were
used to observe the behavior of the fluid. Afterwards the X-ray analysis, a Gamma densitometry
set up was used to further study the “settling of barite in Drilling Fluid”. A similar approach was
made to investigate the behavior of the particles while settling (also in steady state), different
containers where used, several distances as well along the vertical axis. In contrast with X-ray, an
extended period of experimentation was done, approximately four months (8 - 12 hours per day of
measurements with the Gamma spectroscopy set-up) in comparison with couple weeks with the
X-ray images set-up. The “Drilling Fluid” behavior was of a complex fluid; it did not present a
normal settling process as initially thought.
The VHTR Project, being VHTR the abbreviation for “Very High Temperature Reactor”,
different sets of experiments were performed in the VHTR set-up to analyze the mass flow rate of
two different gases (He & N) at different concentrations circulating in a two-channel graphite body
inside the reactor. A selection of temperatures (100 ºC to 400 ºC, in 100 ºC increments) were used
to examine how the gases were transported from the bottom plenum to the upper plenum within
the reactor. The time span of this experimental process was approximately 8 hrs.
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6. Conclusions
As the results shown from section 4.1, from the obtained measurements it is clear that the twophase flow is changing from homogenous to heterogenous flow regime at a superficial gas velocity
of range of 0.12 m/s - 0.15 m/s. The transition from the homogenous flow regime to heterogenous
flow regime occurs at 0.12 m/s. Unlike to the profiles near the gas sparger, it is clear from the
figure that the hold-up profiles exhibit a parabolic shaped hold-up profile in the fully developed
flow region. The maximum value of the gas fraction is observed at the center of the column and it
increases with increase in the gas velocity. Further the steepness of the gas hold-up profile also
increases with increase in the gas velocity. It is clear from the figure that the hold-up profiles
exhibit a cone shaped hold-up profile near the sparger for all the gas velocities, which can be
attributed to the point sparger. The maximum value of the gas fraction increases with increase in
the gas velocity and the steepness of the gas hold-up profile also increases with increase in the gas
velocity. Further the steepness is confined to the central region of the column. From these profiles
the gas hold-up values are consistently higher for the Air- DI-water system but there is no
difference in hold up profiles between the other electrolyte solutions. Electrolyte concentrations,
regardless the velocities that were used to study the solutions, the lower the salt concentration (in
PPM), the higher gas hold-up capacity the electrolyte reported as shown in section 4.3. The Gas
hold up along the column height analysis demonstrated that near the sparger area (as well the
lowest wire mesh location), the gas hold-up showed that the highest percentages in comparison
with the upper wire mesh locations where concentrated between 0 mm – 40 mm in which the
wmsbt line intercepted the upper arrangements of the wire mesh despite the different velocities of
the solution.
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